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SUMMARY
Rod-derived cone viability factor (RdCVF) is an inactive thioredoxin secreted by rod photoreceptors that protects cones from degeneration. Because the secondary loss of cones in retinitis pigmentosa (RP) leads to blindness, the administration of RdCVF is a promising therapy for this untreatable neurodegenerative disease. Here, we investigated the mechanism underlying the protective role of RdCVF in RP. We show that RdCVF acts through binding to Basigin-1 (BSG1), a transmembrane protein expressed specifically by photoreceptors. BSG1 binds to the glucose transporter GLUT1, resulting in increased glucose entry into cones. Increased glucose promotes cone survival by stimulation of aerobic glycolysis. Moreover, a missense mutation of RdCVF results in its inability to bind to BSG1, stimulate glucose uptake, and prevent secondary cone death in a model of RP. Our data uncover an entirely novel mechanism of neuroprotection through the stimulation of glucose metabolism.
INTRODUCTION
RdCVF, a truncated thioredoxin-like protein lacking thioloxidoreductase activity, was identified by high content screening of a mouse retinal cDNA library on cone-enriched cultures from chicken embryos (Lé veillard et al., 2004) . RdCVF is an alternative splice variant of the nucleoredoxin-like 1 (Nxnl1) gene, whose other splice product is RdCVFL, an active thioredoxin that protects its binding partner, the microtubule associated protein TAU, from oxidation and aggregation (Elachouri et al., 2015; Fridlich et al., 2009) . Nxnl1 À/À mice experience an age-dependent loss of rod and cone function and cone degeneration. Rods and cones of Nxnl1 À/À mice are also hypersensitive to oxidative stress (Cronin et al., 2010) . The expression of Nxnl1 is rod dependent in the retina and is severely reduced after rod death in retinitis pigmentosa (RP) (Delyfer et al., 2011; Reichman et al., 2010) . We have demonstrated that RdCVF, but not RdCVFL, protects cone function in several genetically distinct models of RP, targeting the most debilitating step in that untreatable disease (Byrne et al., 2015; Lé veillard et al., 2004; Yang et al., 2009) . In patients suffering from RP, the most common form of inherited retinal degeneration, vision loss develops in two successive steps. Early in adult life, these patients lose the ability to see in dim light conditions (night vision loss), corresponding to the loss of function and degeneration of rods. This is felt as a minor handicap, especially in individuals affected by congenital stationary night blindness, an inherited retinal disease characterized exclusively by lack of rod function. In well-illuminated environments, these people retain an almost normal way of life (Dryja et al., 1996) . For RP patients, the disease then progresses through another debilitating step resulting from the loss of function and degeneration of cones that dominate at the center of the retina and represent 5% of all photoreceptors in human and most mammals. Treating RP patients by replacing the expression of RdCVF will not correct the causative gene defect but should maintain cone-mediated central vision, potentially benefiting an estimated 1.5 million people worldwide (Wright, 1997) .
Thioredoxins catalyze the reduction of disulfide bonds in many proteins (Holmgren, 1985) . Human thioredoxin-1, originally I-labeled human RdCVF (hRdCVF) to cone-enriched culture cells and its competitive inhibition by unlabelled mouse recombinant RdCVF (mRdCVF). Open symbols correspond to cell-bound radioactivity measurements after incubation in the absence (''total'' binding) or in the presence (non-specific (legend continued on next page) identified as the secreted protein adult T cell leukemia-derived factor (ADF), has been implicated in a wide variety of redox regulations in both intracellular and extracellular compartments (Matsuo and Yodoi, 2013) . Thioredoxins are secreted by an unknown leader-less pathway (Rubartelli et al., 1992) . Extracellular thioredoxins, including the enzymatically inactive truncated of thioredoxin-1 (TRX80) exert paracrine effects (Pekkari et al., 2003) . Nevertheless, receptors for extracellular thioredoxins are scarce in the literature. The tumor necrosis factor receptor TNFRSF8 is the principal target of thioredoxin-1 on lymphocytes (Schwertassek et al., 2007) , and the TRPC5 channel is activated by extracellular thioredoxin-1 (Xu et al., 2008) . The receptor for TRX80 is presently unknown. Given the paucity of data on extracellular thioredoxin signaling pathways, we used a far-western blotting approach to identify basignin-1 as the transducing RdCVF receptor on the surface of cones. We then revealed that RdCVF interacts with a complex formed by basignin-1 and the glucose transporter GLUT1 to stimulate aerobic glycolysis and induce cone survival.
RESULTS
Basigin-1 Is the Cell-Surface Receptor for RdCVF Cone-enriched cultures from chicken embryos are composed of $80% cone photoreceptors as seen through the labeling of visinin, a chicken photoreceptor marker ( Figure 1A ). Biologically active synthetic human RdCVF protein (Yang et al., 2009 ) was labeled with 125 Iodine and incubated with cone-enriched cultures in the presence or the absence of excess (300 nM) nonradioactive mouse synthetic RdCVF protein. After washing, cell-bound radioactive material was isolated by filtration and counted. Specific receptor binding was evidenced as the part of cell-bound radioligand that is inhibited by competition with non-radioactive RdCVF ( Figure 1B ). No specific binding was observed in primary retinal pigmented epithelial cells or COS-1 cells (Figures S1A and S1B). We then used a far-western blotting approach to identify proteins on the surface of the cones that bind to RdCVF. Soluble, membrane-bound and total fractions from chicken retina were run on a gel, transferred to nitrocellulose membranes, and incubated with GST, GST-RdCVF, or GST-RdCVFL protein. Chicken embryonic fibroblast cultures were used as a negative control. Binding was then revealed using anti-GST antibodies ( Figure 1C) . A stronger specific signal was observed in the membrane fraction (M) of chicken retina with GST-RdCVF compared to GST-RdCVFL. We sliced the membrane fraction lane from a Coomassie-stained gel into ten pieces for mass spectrometry/mass spectrometry (MS/MS) analysis. Slices 4 and 5, aligning with the candidate signal, contain 30 major polypeptides, among which only two are transmembrane proteins (Table S1A ; Figure S1C ). When we repeated the experiment using more recent instruments, we identified 26 integral component of membrane proteins among them basigin-1 and the other candidate, ATP1B3 in similar gel slides prepared from cone-enriched cultures (Table S1B ). To validate the interaction of RdCVF with basigin-1 (previously known as basigin-2; Ochrietor et al., 2003) , COS-1 cells were transfected with chicken basigin-1 cDNA or a negative control ( Figure 1D ). Far-western blotting on membrane fractions from these samples, following incubation with GST-RdCVF, produced a signal matching that of basigin-1 as revealed by western blotting on membrane fraction of cone-enriched cultures.
Using an alternative strategy, we demonstrated that the RdCVF-BSG1 interaction takes place in cellular context. A RdCVF-alkaline phosphatase (AP) fusion protein was produced by transfection of HEK293 cells (Figures S1E and S1F) , and the resulting RdCVF-containing conditioned media were incubated with COS-1 cells previously transfected with basigin-1. AP staining, indicating binding of RdCVF-AP, was observed only when COS-1 cells express basigin-1 ( Figure 1E ). The interaction of semaphorin with its receptor neuropilin was used as a positive control. No binding was observed with the second candidate, ATP1B3 ( Figure S1D ).
The basigin gene encodes for two products by alternative splicing. Basigin-2, a protein with two extracellular immunoglobulin domains, is widely expressed, while basigin-1, a protein with a third immunoglobulin domain (Ig0), is expressed specifically in the retina (Ochrietor et al., 2003) . Using far-western blotting and AP fusion protein assay, we found that RdCVF interacts with basigin-1, but not basigin-2 ( Figures 1F, 1G , and S1D). The positive signal matches that of basigin-1 revealed by western blotting.
We also explored the effect of silencing basigin expression on RdCVF-mediated cone-enriched cultures survival. Immunocytochemical labeling using a monoclonal antibody that recognizes basigin-1 and basigin-2 revealed basigin expression by coneenriched cultures at the cell surface ( Figure 2A ). We then measured the protective effect of RdCVF in cone-enriched cultures after small interfering RNA (siRNA) silencing of basigin expression (basigin-1 + 2). In this system, the post-mitotic primary cells degenerate over a period of 7 days ( Figures S2A-S2C ). siRNA was validated using luciferase reporter assay binding) of micromolar non-radioactive RdCVF. Black symbol is the specific radioligand binding, as calculated by difference between total and non-specific measurements. ANOVA, SDs. n = 3. (C) Far-western blotting analysis of fractions from chicken retina and embryonic fibroblast culture using GST, GST-RdCVF, and GST-RdCVFL. The candidate band is indicated with an asterisk. The numbers on the left correspond to slices of the gel that were excised for MS/MS analysis. The candidate band is located in gel slice 4 in gray. S, M, and T, soluble, membrane, and total fraction, respectively. See also Figure S1 and Tables S1A and S1B. (legend continued on next page) ( Figure S2D ). The number of transduced cone-enriched culture cells was quantified using a RFP reporter (Extended Experimental Procedures). Silencing of basigin reduced cell survival mediated by ectopic RdCVF, while a non-targeting (nt) siRNA construct did not ( Figures 2B and S2E) . The reduction of cell survival for unstimulated cone-enriched cultures suggests that an RdCVF-independent pathway may also be involved. To further explore that possibility, we used a competition assay. Coneenriched cultures were incubated with conditioned media (CM) from COS-1 cells transfected with RdCVF and the extracellular domain of basigin-1 (exBSG1) from chicken. Co-expression of RdCVF and exBSG1 abolished cell survival, while, in contrast, expression of exBSG1 alone had no impact on cone-enriched cultures cell survival ( Figure 2C ). We also showed that purified human exBSG1 competes for RdCVF-mediated survival in a dose-dependent manner ( Figure 2D ). A semiquantitative western blotting approach revealed that the concentration of RdCVF in the conditioned medium is 0.134 nM ( Figure 2E ). This corresponds to a 39-and 78-fold excess over the recombinant exBSG1. We also detected exBSG1 (chicken) in the conditioned medium of COS-1-transfected cells ( Figure 2F ). We confirmed that RdCVF-mediated cone survival depends of basigin-1 ( Figure 2G ).
RdCVF Stimulates Cone Survival by Increasing Glucose Uptake
Basigin-1 possesses a single transmembrane domain and a short cytoplasmic domain of 40-44 residues unlinked to any known signaling pathway. We co-immunoprecipitated basigin-1-interacting proteins from chicken retina and identified them by MS/MS (Figures 3A and S3A; Table S1C ). To analyze the data, we subtracted the proteins also identified in the negative control (immunoglobulin G [IgG] ). Among the five identified proteins, apart from basigin-1 itself, we focused on the glucose transporter GLUT1 (SLC2A1). GLUT1 antibodies co-immunoprecipitated basigin (BSG1 and BSG2) from membrane fraction of chicken retina ( Figure 3B ). We validated the interaction between basigin-1 and GLUT1 using fluorescence resonance energy transfer (FRET) ( Figure 3C ). FRET signal was detected in cells transfected with GLUT1-CFP and BSG1-EYFP fusion proteins revealing their close vicinity and interaction. Interestingly, basigin-1 also interacted with the lactate transporter MCT1 (SLC16A1) as previously reported for basigin-2 (Kirk et al., 2000) . The results were significant for basigin-1 interaction with both GLUT1 and MCT1 ( Figure 3D ). The analysis of basigin-1 sub-cellular localization in transfected-HEK293 cells indicated that the interaction was not of the same nature. Basigin-1 colocalizes in the cells with MCT1 when co-expressed, while the expression pattern of basigin-1 is mainly on cell surface and reticulated when co-expressed with GLUT1 ( Figures S3B and  S3C ). We also observed that GLUT1, in addition to basigin-1, was expressed in cone-enriched cultures ( Figure 3E ). Cone survival is mediated by RdCVF and not by the thioredoxin RdCVFL, the other product of the Nxnl1 gene (Byrne et al., 2015) . Using cone-enriched culture system, we observed that RdCVF increases cone survival but not RdCVFL, even if a trend was observed ( Figure 4A ). Using a fluorescent non-metabolized analog of glucose, 2-NBDG, we measured the entry of glucose into cells (Chen et al., 2015) . The fluorescence of 2-NBDG was detected in the cytoplasm of the cell after 10 min incubation ( Figure 4B ). Conditioned medium containing RdCVF increased the uptake of glucose in cone-enriched culture cells, while RdCVFL did not ( Figure 4C ). The uptake of 2-NBDG is linear between 2.5 and 12.5 min ( Figure 4D ). Glucose uptake by cone-enriched culture cells was reduced to its unstimulated level when basigin was silenced ( Figures 4E and 4F ). Similar results were obtained by silencing basigin-1 through the use of two distinct siRNAs targeting the specific exon of basigin-1 encoding Ig0 ( Figure 4G ). RdCVF-mediated glucose uptake depended on the expression of GLUT1 as demonstrated by the effect of co-expressing two distinct siRNA targeting GLUT1 ( Figure 4H ), which both reduced the uptake of glucose by cone cells to unstimulated level. The fact that the interaction of basigin-1 and GLUT1 takes place at the cell surface suggested that RdCVF acts directly on that complex. However, the addition of RdCVF to cone-enriched culture cells did not modify the concentration of GLUT1 at the cell surface as shown by exposure to a nonpermeable crosslinking reagent was used to purify cell-surface proteins ( Figure 4I ).
We obtained additional evidence of RdCVF/BSG1/GLUT1 complex formation at the surface of the cell by studying glucose uptake kinetics in cone-enriched culture cells after depletion of RdCVF protein. In this assay, conditioned medium containing RdCVF is removed as well as glucose before 2-NBDG is added. One hour after depletion, glucose uptake was higher in the cells cultured in the presence of RdCVF-containing conditioned medium than in the negative control, pcDNA3 ( Figure 4J ). Interestingly, the amplitude of the effect was reduced 2 hr after depletion and disappeared after 3 hr. The reduction was not due to a difference in cell survival as seen by the level of expression of visinin in both conditions when cells were cultured for 4 days ( Figure 4K ). The total level of expression of GLUT1 by cone-enriched culture cells was not modulated in these conditions.
The Bsg À/À mouse is not the appropriate model to study
RdCVF signaling in vivo. The deletion of the basigin gene in the mouse causes many defects, including the loss of photoreceptors (Hori et al., 2000) , but the effect on photoreceptors might be first attributed to a defect in lactate transport by retinal pigmented epithelial cells (Daniele et al., 2008) . In order to circumvent this problem, we studied the properties of an RdCVF variant, corresponding to a missense mutation found in a Leber congenital amaurosis patient (Hanein et al., 2006) . In this mutant, an E to K mutation at position 64 is located in a potential interface in the structural model of RdCVF (Chalmel et al., 2007) . The NXNL1 gene also encodes for two polypeptides, RdCVFL and RdCVF, by alternative splicing (Figures S4A-S4C ).
Normal human RdCVF wild-type (hRdCVF wt) protected coneenriched culture cells similarly to mouse RdCVF (mRdCVF), whereas the E64K variant (hRdCVF mut) was defective in this activity ( Figure 5A ). This lack of activity was not the result of a deficit in expression or secretion of RdCVF mut ( Figure 5B ). However, RdCVF mut was not able to stimulate glucose uptake in cone-enriched culture, in contrast to RdCVF wt ( Figure 5C ). Moreover, when used as a probe, GST-RdCVF mut (human) did not interact, or very weakly, with purified exBSG1 by farwestern blotting ( Figure 5D ). Purified TAU was used as negative control (Fridlich et al., 2009 ). This did not reflect differences in production or purification of the mutant versus the normal recombinant protein ( Figure 5E ) but rather indicated a decrease in affinity of the mutant RdCVF protein for basigin-1.
We used this missense mutant to explore the role of RdCVF interaction with basigin-1 in vivo. The human cDNAs of RdCVF wt and mut were cloned into a construct engineered to produce GFP and RdCVF via a self-cleaving 2A peptide (GFP-2A-RdCVF) and containing AAV packaging elements. COS-1 cells were transfected with GFP-2A-RdCVF and a GFP negative control. Conditioned medium was then analyzed by western blotting ( Figure 5F ). Anti-GFP antibody identified a 26 kDa protein (GFP) in all lanes and a 40 kDa band corresponding to uncleaved GFP-2A-RdCVF wt and GFP-2A-RdCVF mut, while anti-RdCVF recognized the same 40 kDa band and a 12 kDa protein, RdCVF, which was present in similar amount for wild-type and mutant plasmids. The conditioned medium from transfected COS-1 cells was then applied to cone-enriched cultures. As compared to culture medium alone (0), GFP was slightly toxic ( Figure 5G ). RdCVF wt doubled the number of living coneenriched culture cells, while RdCVF mut had no effect.
The constructs were then packaged in AAV9-2YF virus, which was injected via intracardiac injection in rd1 mice, a well-studied model of rod-cone degeneration (Lé veillard et al., 2004) . Intravascular administration of AAV9 has been previously used to deliver RdCVF to the retina (Byrne et al., 2015) . In rd1 mice, a rod-specific recessive Pde6b mutation triggers rod degeneration by post-natal day 21 (PN21), which is followed by the noncell autonomous degeneration of cones. Injections were made in rd1 mice at PN4, and by PN38, the ocular fundus of the treated mice revealed transgene expression through GFP fluorescence ( Figure 5H ). Animals were sacrificed at PN49, cones were labeled with peanut agglutinin (PNA), and the cone density was measured using an automated platform (Clé rin et al., 2011) . Cone density across the rd1 retina was similar for animals treated with AAV-GFP and AAV-GFP-2A-RdCVF mut, while the density of the cones in mice treated with AAV-GFP-2A-RdCVF WT was significantly higher (Figures 5I, S4D , and S4E). We then measured the expression of RdCVF by RT-PCR in contralateral eyes with primers that do not discriminate RdCVF wt and mut cDNAs. The expression of RdCVF mRNA was found to be equivalent for mice treated with AAV-GFP-2A-RdCVF wt and mut ( Figure 5J ). In the P23H rat, a dominant model of retinitis pigmentosa, the injection of RdCVF maintains cone function (as measured by photopic ERG recordings) and the structure of cone outer segments (Yang et al., 2009 ). Since the rate of cone (legend continued on next page) degeneration in the rd1 mouse is rapid, preventing functional analysis, we sectioned retinas from a group of treated animals at PN22 and measured the length of the cone outer segments after labeling with a mixture of MW and S-opsin antibodies (Figures 5K and S4F ). The length of these segments of the rd1 mice treated with AAV-GFP-2A-RdCVF wt was significantly longer than those of animals injected with AAV-GFP-2A-RdCVF mut and to non-injected animals (0) ( Figure 5L) . Unexpectedly, the length of the cone outer segments of the mice treated with AAV-GFP was higher than to AAV-GFP-2A-RdCVF mut.
RdCVF Stimulates Aerobic Glycolysis
What is the fate of the RdCVF-mediated glucose entering the cones, and what is the mechanism leading to cone survival? To further explore this pathway, we first manipulated the concentration of glucose in the culture medium of cone-enriched cultures, which demonstrated that glucose induces cone survival ( Figure 6A ). Using this paradigm, we showed that the fold increase in RdCVF-mediated cone survival was higher at 30 than at 15 mM glucose ( Figures 6A and 6B) , further strengthening the link between RdCVF and glucose uptake. Increasing lactate concentration has no effect on cone-enriched culture survival ( Figure S5D ). The concentration of intracellular ATP, presumably produced through the glucose metabolism, was found to be higher in RdCVF-treated cone-enriched culture cells ( Figure 6C ). The limited amplitude in that effect led us to speculate that ATP increase may be produced by aerobic glycolysis. In this alternative usage of glucose, pyruvate produced by glycolysis is not transported to the mitochondria, but rather metabolized to lactate by lactate dehydrogenase ( Figure S5A ). This phenomenon, known as the Warburg effect, occurs in cancer cells (Vander Heiden et al., 2009 ). Treating the cone-enriched culture with a lactate dehydrogenase inhibitor, oxamate, abolished RdCVF-mediated survival without generating any toxic effect on unstimulated cells ( Figure 6D ). Correspondingly, inhibiting the transport of pyruvate to the mitochondria using UK5099, an inhibitor of mitochondrial pyruvate carrier (MPC), did not prevent the action of RdCVF on cone-enriched cultures ( Figure 6E ). Glucose can be redirected to the pentose phosphate pathway to produce redox power through the production of NADPH, a cofactor of thioredoxin reductases (Anastasiou et al., 2011) . 6-Aminonicotinamide (6-AN), a pentose phosphate pathway inhibitor, did not significantly modulate the effect of RdCVF at the maximal non-toxic dose ( Figure 6F ). RdCVF did not induce a switch from oxidative phosphorylation to aerobic glycolysis since the unstimulated cone-enriched culture cells metabolize glucose through aerobic glycolysis ( Figure 6G ). The proton production rate (PPR), which is due to the lactate transported in the culture medium through the lactate transporter of the cells, was increased following glucose injection, while the oxygen consumption rate (OCR) resulting from oxidative phosphorylation was slightly reduced. Oligomycin, an inhibitor of mitochondrial ATP synthase, forces the glucose into the aerobic glycolysis pathway. The addition of oxamate reduced the proton production rate prior or after glucoses addition. The extracellular acidification rate (ECAR) induced by glucose is inhibited by 2-NBDG, the non-metabolized analog of glucose ( Figure 6H ). In order to translate this observation to cones in their natural environment, we examined the expression of a marker of aerobic glycolysis, hexokinase 2 (HK2), in the mouse retina (Wolf et al., 2011) . The analysis of the retinal transcriptome of the wt mouse showed an increase in Hk2 expression that parallels the postnatal maturation of photoreceptors from PN9 to PN21 ( Figure 6I ). The degeneration of rods in the rd1 retina prevented a rise in Hk2 expression most likely because of the death of rods in that model. We also examined the expression of HK1 and HK2, the two major hexokinases involved in glucose metabolism by western blotting. HK2 was expressed at higher levels in the retina than in the brain of wt mice at PN21 and PN35 ( Figure 6J ). The rd1 retina is rod-less by PN21, and it is at this age that cones degenerate ( Figure S6A ). HK2 expression was reduced in the rd1 retina at PN21 and further reduced by PN35, as if expressed by both rods and cones. The expression of HK1 was not affected by photoreceptor maturation or degeneration. Layers of the wt retina were isolated by vibratome sectioning to directly analyze expression of HK1 and HK2 in the outer retina (OR) containing the photoreceptors and in the inner retina (IR) devoid of photoreceptors (Clé rin et al., 2014) . HK2 was found almost exclusively in the outer retina layer confirming that this marker of aerobic glycolysis is located in photoreceptors themselves as observed by others (Reidel et al., 2011) (Figure 6K ). HK1 was found mostly in the inner retina.
Absence of Action of RdCVF on Rods In Vitro
We examined the expression of basigin (BSG1 + BSG2) in the mature retina (PN27) of the wt mouse by immunohistochemistry. The major site of basigin expression was the retinal pigmented epithelium (Daniele et al., 2008) , but a specific signal was co-localized with ATP1A, a marker of the inner segment of photoreceptors ( Figure 7A ). GLUT1 was widely expressed across the entire retina, including the retinal pigmented epithelium and the inner segment of photoreceptors, as previously observed (Gospe et al., 2010) (Figure 7B ). We next examined flat-mounted retinas from PN35 rod-less rd1 mice ( Figures 7C  and 7D ). In the absence of rods, basigin staining does not colocalize but is associated with that of PNA, a marker of the cone matrix sheath that seems to surround basigin labeling. Western blotting was used to distinguish basigin-1 from basigin-2 through their migration. At PN21, one of the two major products (H) detected in wt mouse retina was reduced in rd1 retina, while the other product (L) was unchanged ( Figure 7E (legend continued on next page) of GLUT1 remained stable in both genotypes. Following isolation of specific layers by vibratome sectioning, we observed that the H and L products were mainly found in the outer retina and the inner retina layers, respectively ( Figure 7F ). The absence of rhodopsin in the inner retina showed that there is no major photoreceptors contamination in the inner retina fraction. GLUT1 is expressed at similar level in the outer and the inner retina ( Figure 7G ).
Basigin-1 is heavily glycosylated (Bai et al., 2014) . We deglycosylated mouse retinal extracts to reveal the polypeptidic nature of H and L. Using wt retinal extracts at PN21 and PN27, we showed that H and L correspond, respectively, to basigin-1 and basigin-2 ( Figure 7H ). In the rd1 retina, basigin-1, but not basigin-2, was reduced by photoreceptor degeneration.
We then examined the expression of basigin in isolated rods and cones. We isolated photoreceptor outer segments and part of the inner segment by vortexing wt retina (Jaillard et al., 2012) and found that basigin (BSG1 + BSG2) was expressed by both cones and rods ( Figure 7I ). Basigin localized to outer and inner segments of rods. The expression of the RdCVF receptor by rods suggests that RdCVF might also protect rods by autocrine signaling. We have previously shown that RdCVF has no protective activity toward rods in two models of RP, the rd1 mouse and the P23H rat; however, these rods express a mutation (Lé veillard et al., 2004; Yang et al., 2009) . We prepared pure cultures of wt photoreceptors (95% rods) by sectioning of wt mouse retina (Nxnl1 +/+ ) at PN8 (Clé rin et al., 2014) . The cultures were incubated with conditioned medium from COS-1 cells transfected with RdCVF, and the number of living cells was counted 5 days later. Fetal calf serum (FCS) increased the number of living cells showing that rods were degenerating over this period ( Figure 7J ). We did not observe any protective effect of RdCVF on these cultures but reasoned that this could result from the endogenous expression of RdCVF. However, this effect was ruled out since similar results were obtained using Nxnl1 À/À cultures ( Figure 7K ). The main difference observed was a large reduction in numbers of living cells in absence of Nxnl1. We showed that cultured rods express basigin ( Figures 7L, S6A , and S6B). In extracts prepared from these cells (R), we detected basigin-1 expression by western blotting ( Figure 7M ). When studying basigin-1 location in cone-enriched cultures and mouse rod cultures, we found that basigin-1 is mainly located in the membrane fraction in both species ( Figure 7N ). Finally, we studied the effect of glucose on cell viability. Raising the concentration of glucose from 25 to 50 mM did not increase cell survival in these cultures ( Figure 7O ). The protective effect of fetal calf serum was only partially blocked by oxamate.
RdCVF Cell-Surface Receptor in Human Retina
To study RdCVF signaling in the human retina, we generated polyclonal antibodies against two distinct peptides of human Ig0. Antibodies BSG1a and BSG1b specifically recognized the H band and the deglycosylated 42 kDa polypeptide in human retinal extract ( Figure 7P) . A human ocular globe was dissected, and four retinal punches were collected from the fovea and increasingly peripheral eccentricities. The absence of rhodopsin (RHO) and the presence of cone arrestin (ARR3) in specimen 1 showed that it corresponds to the fovea ( Figure 7Q ). aBSG and aBSG1a detected basigin-1 expression of in all retinal specimens, including the fovea. Basigin-1 expression was also analyzed in sections of normal and RP retinas. In normal human retina, basigin-1 expression was located in the photoreceptor layer, matching the pattern observed with the anti-L/MW antibodies ( Figure 7R ). In macaque retina, basigin-1 expression localized to inner segments and outer segments of cones, identified by their unique morphology ( Figures 7S and S6C) . Interestingly, in the advanced stage RP, with no remaining rods, some positive cells that may correspond to cones without outer segment were observed ( Figure 7T ).
DISCUSSION

RdCVF Accelerates GLUT1 Transport Function
The truncation within the thioredoxin fold in RdCVF removes the region of the protein that interacts with thioredoxin reductases and recycles enzyme activity (Holmgren, 1985) . Therefore, the identification of a cell-surface receptor mediating the trophic action of RdCVF on target cells is not surprising. RdCVF is not an enzyme, but its sequence encompasses the conserved dithiol catalytic site CXXC. Oxidative stress induces the secretion of both TRX80 and thioredoxin-1 (Sahaf and Rosen, 2000) , and the redox-active site in thioredoxins is essential for the release of extracellular thioredoxin-1 in response to H 2 O 2 (Kondo et al., 2004) . By analogy, we propose that RdCVF is secreted in an oxidized form that could react with the free cysteine of basigin-1 or GLUT1, resulting in disulfide bridge formation, which may constitute the triggering mechanism activating the pathway (Matsuo and Yodoi, 2013) . There is a free surface (C) Effects of conditioned media from COS-1-transfected cells on glucose uptake by cone-enriched culture cells. Dunnett's test, SD, n = 3. (D) Far-western blotting analysis of the purified extracellular domain of human basigin-1 (exBSG1) using GST, GST-RdCVF wt (wt), and GST-RdCVF mut (mut). (E) Coomassie-stained gel of purified TAU, exBSG1, GST-RdCVF WT, and GST-RdCVF mut. (legend continued on next page) exposed cysteine in human Ig0, although it is not conserved in chicken (Redzic et al., 2011) .
Alternatively, conformational changes induced by RdCVF may drive activation. GLUT1 catalyzes the rate-limiting step in supplying cells of the CNS. There are, to our knowledge, no extracellular signals known to regulate the activity of GLUT1 when it is located at the surface of the cell. GLUT1 exists in equilibrium between its homodimeric and homotetrameric quaternary structure (De Zutter et al., 2013) . Each subunit of GLUT1 contains an extracellular disulfide bridge (C347 and C421) that stabilizes the tetrameric structure and thereby accelerates transport function by increasing the V max of transport and decreasing the Km (Hebert and Carruthers, 1992) . GLUT1 reduction causes GLUT1 tetramers to dissociate into dimers. RdCVF binding to basigin-1 may somehow displace the equilibrium toward the tetramer, accelerating GLUT1 transport function and stimulating glucose uptake by cones. This model is consistent with our data showing that increased glucose uptake simultaneously requires the presence of RdCVF, basigin-1, and GLUT1 ( Figure 4J ).
RdCVF Stimulates Aerobic Glycolysis
When Otto Warburg described aerobic glycolysis as a hallmark of cancer cells, he also identified the retina as an exception (Warburg, 1956 ). The current hypothesis for the existence of the aerobic glycolysis in mammalian retina is linked to glucose metabolism involved in the daily renewal of the outer segments of photoreceptors (10% daily). The high content of outer segment polyunsaturated fatty acids results in rapid lipid peroxidation through photoxoxidation by incident light. Outer segments' renewal involves daily shedding of distal outer segment tips, their phagocytosis by the adjacent retinal pigmented epithelial cells, and their renewal from the photoreceptor inner segment. In adult retina, the photoreceptors maintain a constant outer segment length by balancing the shedding of discs and the assembly of new discs (Young and Bok, 1969) . Outer segment renewal is energetically demanding because proteins and lipids, necessary to build outer segments, have to be synthesized at high rate in the inner segments (Casson et al., 2013) . Similarly, cancer cells proliferate and rely on the production of carbohydrate intermediates at a high rate (Vander Heiden et al., 2009) . Metabolic reprogramming of cancer cells to use the Warburg effect is a primary transformation event (Sebastiá n et al., 2012) . The observation that cone precursors are prone to tumorigenesis may be related to our observation (Xu et al., 2014) (Figure 6G ). The splice isoforme of the pyruvate kinase gene associated with aerobic glycolysis is also expressed by photoreceptors (Lindsay et al., 2014) . Interestingly, when RdCVF was injected in the P23H rat model, we observed that the cone outer segments were longer that in controls (Yang et al., 2009 ). The excess of glucose entering cone cells after RdCVF stimulation may not be converted entirely into lactate. A portion of this glucose is probably converted into lipid precursors for cone outer segment renewal via dihydroxyacetone phosphate (DHAP) ( Figure S5A ). Our results are in agreement with the protective effect of insulin on cones of the rd1 mouse since insulin is driving the GLUT4 to the cell surface (Punzo et al., 2009) . Lactate should clear out from the interphotoreceptor space through the retinal pigmented epithelium, since MCT, similarly to GLUT1, is a facilitated transporter that carries its substrate along its concentration gradient. Increased lactate concentration in inter-photoreceptor space and consequently a decrease of aerobic glycolysis are likely responsible for photoreceptor malfunction in the Mct3 À/À mouse (Daniele et al., 2008) . The finding that MCT3 locus (SLC16A8) is genetically associated with age-related macular degeneration (Fritsche et al., 2013 ) suggests a possible relationship between NXNL1 and age-related macular degeneration.
Cones versus Rods
Basigin-1 is expressed at the surface of rods and cones ( Figures  7N and S5C ). We have not identified significant differences in the expression of glycolytic genes between cones and rods that could explain the cone-specific protective properties of RdCVF ( Figure S5B ). However, the absence of protection of rods by RdCVF in vitro may be related to the fact that in contrast to cones, rod survival is not stimulated by increased glucose in the culture medium ( Figures 6A and 7O ). The mechanistic explanation for the rod-cone difference is presently unknown. RdCVF does not protect rods in models of RP, but the mutations are potentially dominant over any trophic activity of RdCVF. Non-cell-autonomous rod degeneration was observed in rds mosaic mutant male mice carrying a rescue transgene integrated into the X chromosome (Kedzierski et al., 1998) . Eventually, RdCVF protective activity on rods could be revealed using this model.
RdCVF Signaling Translated into Medical Practice
In RP patients, cone outer segments are shortened with the progression of the disease (Mitamura et al., 2013) , although cones seem to survive even in advanced cases of RP. We have obtained preliminary evidence for the expression of basigin-1 in surviving cones in the RP retina ( Figure 7T ). The mechanism of action revealed here implies that administration of RdCVF in patients suffering from RP could not only stabilize central vision but also ameliorate cone vision by stimulating cone outer segments re-growth.
EXPERIMENTAL PROCEDURES
All experiments were approved by the UPMC ethical committee (Darwin # Ce5/ 2011/013) and through the French regulation to conduct animal research (A-75-1863, TL). All experiments were performed in accordance with the ARVO statement for the use of animals in ophthalmic and vision research. Human specimens were obtained under the approval DC-2008-346. Detailed protocols for each figure panel are provided in Extended Experimental Procedures. Binding, immunohistochemistry, immunocytochemistry, co-immunoprecipitation, western blotting, alkaline phosphatase fusion proteins, RT-PCR, electroporation, transient transfections, RNA silencing, protein extraction and fractionation, recombinant protein production and purification, FRET, glucose uptake, MS/MS analysis, recombinant AAV construction and production, ATP measurement, and respirometry were performed using conventional methods. Cone-enriched culture and pure cultures of mouse rods are described in Lé veillard et al. (2004) and Clé rin et al. (2014) . Outer and inner segments are described in Jaillard et al. (2012) . Cone counting in the rd1 retina (Clé rin et al., 2011) was done as a double-blind experiment, as was measurement of cone outer segment length. Far-western blotting was performed as described (Lé veillard et al., 1996) .
Statistical Analysis
Data are expressed as average ±SD or SEM. Statistical analyses were performed using GraphPad. Data were analyzed by unpaired Student's t tests, and, for more than two groups, we used one-way or two-way ANOVA analyses of variance followed by Tukey's or Dunnett's multiple comparison post-tests. Statistical significance is defined as p < 0.05 or less and indicated by asterisks.
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